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1 Introduction
Cacti (Cactaceae) represent a family of highly specialized angiosperm plants with a native range of  
distribution  restricted  to  the  American  continents.  Columnar  cacti  of  the  sub-family  Cactoideae 
evolved in adaptation to their arid or semi-arid habitats characteristics that distinguish them from 
most other dicot plants, e.g. the stem succulence with a strongly  vascularized storage parenchyma 
and the presence of the spine wearing areoles1 [5]. 
Although cacti have been in cultivation since the discovery of America, some studies even suggest 
the agricultural use in pre-colombian times [6] and many scientific investigations were carried out on 
the functional morphology and anatomy with regard to biomechanical adaptations of the found struc-
tures [5,7,8,9], no research focused on the branch-stem attachment. 
The most  conspicuous features of such a ramification are the pronounced constrictions at  the 
branch-stem junctions that are also present in the lignified vascular structures within the succulent 
cortex. Based on Finite Element Analyses of ramification models it could be demonstrated that these 
indentations in the region of high flexural and torsional stresses are not regions of structural weak-
ness, e.g. allowing vegetative propagation [10]. On the contrary, they can be regarded as anatomical 
adaptations to increase the stability by fine-tuning the stress state and stress directions in the junction 
along prevalent fiber directions (Chapter 2). 
The development of the woody support structure within the succulent cortex of the parental shoot 
can be traced back to the leaf and bud traces of the dormant axillary buds. Surprisingly, these initials 
may also develop in another way when a floral side shoot forms. As these two support structures dif-
fer significantly in their macroscopic and microscopic anatomy and as they develop from the same 
1 The term ‘areole’ has been used variously in cactus literature, sometimes referring only to the axillary bud itself,  
sometimes to the entire complex of the axillant leaf, the modified bud scales (the spines), the residual dormant  
shoot apical meristem that remains after bud scale initiation, and even to the rim of shoot tissue adjacent to this  
complex [5,11,12,13,14]. Here, the term “axillary bud” is preferred because, just as in other dicot plants, it is the 
residual, dormant shoot apical meristem of the bud that gives rise to either vegetative or floral branches. 
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initial  state  as leaf  and bud traces,  another objective of this work was to  analyze the secondary 
growth of the two structures with traditional botanic investigation methods. The results of these in-
vestigations reveal a wood dimorphism consisting of an early parenchymatous phase followed later 
by fibrous wood in both kinds of support structure. In vegetative branches, the woody support struc-
tures have the typical ringlike arrangement as found in the stele of the parental shoot, whereas the  
flower support structures have a reticular arrangement of interconnected woody strands. This funda-
mentally different anatomy of the support structures results from the formation of an interfascicular 
cambium between the leaf/bud traces when a vegetative branch forms or its absence in the case of a  
flower (Chapter 3). 
After shedding light on the functional morphology and anatomy of the cactus ramifications and 
their development the question arises if the found load adaptation strategies may serve to improve 
technical  fiber  composite  structures analogue to  the design recommendation developed from the 
biomechanical analyses of tree ramifications [15,16,17]. Such a biomimetic transfer from the cactus 
ramification as biological role model to a technical implementation and the adaptation of  the fine-
tuned geometric shape and arrangement of lignified strengthening tissues might contribute to the de-
velopment of alternative concepts for branched fiber-reinforced composite structures within a limited 
design space (Chapter 4). 
3
2 Functional morphology, anatomy and biomechanics of branch-
stem junctions in columnar cacti
As an adaptation to arid or semi-arid habitats columnar cacti evolved differently from most other di-
cotyledonous plants. The most conspicuous morphological characteristic is the presence of a succu-
lent cortex [18]. In contrast to the widely accepted construction principle stating that supporting tis-
sues should be arranged in the periphery of a columnar or tubular structure to increase the bending 
stiffness and the safety against buckling by increasing the axial second moment of area [19], the lig-
nified vascular (supporting) tissue in cacti shoots is located more centrally. Succulent cortical tis-
sues for water storage, assimilation and transpiration surround a tube of conducting tissue and fibers 
(Fig. 1 D–F) [5]. It has been demonstrated that this succulent cortex compensates (at least partly) 
for the mechanical ‘disadvantageous’ arrangement of the cactus wood in younger (apical) parts of 
cactus shoots [8,9]. 
The distinct constriction of their ramifications at the branching points due to the presence of the 
succulent cortex is another morphological peculiarity of columnar cacti and has not been subject of 
biomechanical analyses yet. Prior investigations on the stability of branching in plants mainly fo-
cused on tree ramifications that do not show such constrictions. The consensus for these ‘normal’ 
ramifications is that specific load adaptation strategies lead to homogenous stress-strain conditions 
in the branching region [15,16,17,20,21,22]. Typically the basal diameter of a tree branch is corre-
lated with the acting bending moment caused by its deadweight and additional wind loads [23]. The 
transition zone between stem and branch exhibits a special outer contour avoiding notch stress con-
centrations near the surface. This minimizes the risk of failure due to crack initiation and propaga-
tion [15,16,17]. 
In apparent contradiction to this theory of uniform stress distribution are the neckings found at 
the point of branching in columnar cacti (Fig. 2 A-C). Due to the smaller diameter the axial second 
moment of area and the polar second moment of area of the branch are decreased at the junction,
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i.e. in this region the extent of geometric influence on the resistance to bending and torsion is re-
duced. From an engineering point of view the construction is not well adapted to the predominant 
loading conditions. Assuming that the ramifications represent no predetermined breaking points for 
vegetative propagation, as proven for some prickly pear species [10], the load adaptation has to be 
accomplished by the inner structure of the lignified tissues. 
The aim of this study is to examine the stability and the integrity of ramifications in three species  
of columnar cacti  (Pilosocereus pachycladus, Cleistocactus morawetzianus and Myrtillocactus ge-
ometrizans). A special focus is laid on the mechanical interaction between the inner fiber arrange-
ment of the vascular tissue in combination with the presence of the succulent cortex and the shape of 
the junction. The results suggest a cactus specific load adaptation strategy. 
2.1 Material & Methods
2.1.1 Investigated plants
Individuals of  Pilosocereus pachycladus RITT.,  Cleistocactus morawetzianus BACKEB.  and  Myr-
tillocactus geometrizans MART. were cultivated and collected in the Botanical Garden of the Tech-
nische Universität Dresden. All specimens were planted in green houses with seasonal irrigation in 
summer, i.e. they were not exposed to wind or abnormal long periods of drought. 
P. pachycladus (Fig. 1 A,D,G,J and Fig. 2 A,D,G,J) is a shrubby to treelike species originating 
from north-eastern Brazil [24,25,26] where the wet season lasts from November to January. The in-
vestigated specimen was tree-like. The well defined, erect trunk reached a total height of 5 m and 
12 cm in diameter at stem base. The branches originated 1.5 m above ground and attained diameters 
of up to 11 cm (Fig. 1 A). 
C. morawetzianus (Fig. 1 B,E,H,K and  Fig. 2 B,E,H,K) is a shrubby cactus from central Peru 
[24,25], native in regions with a distinctive seasonality. The area of origin is subjected to heavy pre-
cipitation in December and January and extreme drought from May to September. The shoots of the 
investigated individual grew up to 2.5 m in height and 5 cm in diameter. Occasional branching ap-
peared only near the base (Fig. 1 B). 
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Fig. 1: Cactus morphology, stem and wood anatomy
from specimens of (A,D,G,J) Pilosocereus pachycladus, (B,E,H,K) Cleistocactus morawetzianus and 
(C,F,I,L) Myrtillocactus geometrizans
XS – cross section; LS – longitudinal section; fl – fiber lamella; r – ray; v – vessel 
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M. geometrizans (Fig. 1 C,F,I,L and  Fig. 2 C,F,I,L) is a treelike cactus from Mexico typically 
with a short trunk and numerous up-curving branches [24,25]. The investigated plant reached 2.5 m 
in height and showed a candelabra-like branching pattern with basally tapered side shoots and maxi-
mum shoot diameters of 10 cm (Fig. 1 C). 
2.1.2 Anatomic investigations
For macroscopic studies the specimens were dissected manually and the lignified tissues of the ram-
ifications were prepared by enzymatic maceration with cellulase and pectinase at 37 °C. The en-
zyme solution was buffered with citric acid (pH 5.5), stabilized with polyvinylpyrrolidone (PVP) 
and conserved with sodium azide. The fiber course in the ramification zone was determined by ana-
lyzing macroscopic lateral views, median longitudinal and transverse sections with the digital image 
processing software ImageJ 1.47t. 
The microscopic investigations focused on the cactus wood. Transverse, radial and tangential 
thin sections of wood samples were prepared on a sliding microtome (Modell 1120, Jung AG) and 
stained with Safranin-Astrablue. 
2.1.3 Material tests
The mechanical properties of the four main tissues skin (consisting of cuticle, epidermis and col-
lenchymatous hypodermis), cortex (consisting of chlorenchyma and hydrenchyma), wood (consist-
ing of fibers, vessels and rays) and pith (consisting of storage parenchyma) were determined in 
quasi-static mechanical tests performed with specimens cut from non-ramified cactus segments us-
ing a Zwicki-Line 2.5 kN material testing machine (Zwick GmbH & Co. KG). 
According to the nature of the tissue different test set-ups were used, i.e. the parenchymatous 
cortex and pith were tested in uniaxial compressive tests whereas the skin and wood samples were 
subjected to uniaxial tensile tests. 
For compressive tests the specimens were placed in-between two parallel compression plates 
(Fig. 3 B). The lower plate was fixed to the base of the testing machine and the upper plate was at-
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tached to its movable cross-arm. For the tensile test the specimens were mounted onto the testing 
machine with two clamps (Fig. 3 A). The lower clamp was fixed to the machine base and the upper 
clamp was attached to the movable cross-arm. 
During  the  compressive  tests  the  cross-arm  was  lowered  at  a  constant  traverse  speed  of 
1 mm/min. For the tensile tests it was moved upwards at the same speed. During the tests the defor-
mation x and  the  corresponding  force F were  recorded  with  the  supplied  software  testXpert®II 
(Zwick GmbH & Co. KG). 
Cylindrical specimens of the cortex and the pith for the compressive tests were excised with a 
cork borer of 13 mm in diameter and cut parallel to a length of approximately the same dimension. 
The flat test pieces for the tensile tests were prepared in dimensions of 50 mm in length and 5 mm 
in width. The wood specimens were cut with a mini table saw for model making (Proxxon FET) to 
a thickness of 1 mm. The skin samples were cut with scalpel and steel scale. Their thickness was 
given by the thickness of the skin. 
The characteristic value for a linear-elastic material under uniaxial tension or compression is the 
YOUNG's  modulus E,  given by the applied stress Δσ (acting force ΔF over initial  cross-sectional 
area A0 of the tested specimen) referred to the effectuated strain Δε (deformation Δx over initial 
length l0 of the specimen) [27]. For a particular species the YOUNG's modulus of one of the four tis-
sues (EPith, EWood, ECortex, ESkin) comprises the arithmetic mean value and the standard deviation for all 
measured values of E of that tissue and species. 
As criterion for the significance of differences in the  YOUNG's  moduli the probability values 
(P-values) were calculated with the nonparametric  KRUSKAL–WALLIS One Way Analysis of Vari-
ance by Ranks (KW-Test) [28]. These KW-tests were performed for overall intraspecific compari-
son for all tissues of one particular species and for overall interspecific comparison of a particular 
tissue for all species as well as head-to-head records for all possible pairs of two variates. All calcu-
lations were performed with OpenOffice 3.3.0 Calc. 
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2.1.4 Biomechanical modeling with Finite Element Analysis
Three-dimensional models of the cactus ramifications were generated with the finite element mod-
eling software Patran 2012 (MSC Software Corp.). The results of the described anatomical and me-
chanical investigations served as input parameters for these models. Particular care was paid to rep-
resent correctly the morphological and anatomical characteristics of the investigated species. 
The skin was represented by quadrilateral shell elements whereas the vascular tissue, the pith and 
the cortex were simulated using hexahedral  volume elements (P. pachycladus: Fig.  4 A;  M. ge-
ometrizans: Fig. 4 B). Generating finite elements with a connectivity matching the determined fiber 
course of the investigated plants enables incorporating the orthotropic material behavior of the vas-
cular tissue. This measure allows assigning different elastic constants in longitudinal, radial and tan-
gential direction to each element of the vascular tissue. In regions of high cross-linkage between the 
fiber lamellae (Fig. 2 G) elements with axial and distal diverging orientation were superimposed. 
The results of the performed material tests served as input parameters for the element properties. 
For missing elastic constants (YOUNG's moduli in radial or tangential direction, shear moduli and 
POISSON's ratios) of the cactus wood, appropriate assumptions had to be made on basis of values 
typical for dicotyledonous wood with comparable YOUNG's modulus in longitudinal direction [29]. 
The structural differences that may be present were neglected. The utilized ratios for the YOUNG's 
and shear moduli in relation to the longitudinal stem direction as well as the assumptions for the  
POISSON's ratios of the cactus wood are summarized in Table 1. 
EL / MPa1 ET / EL ER / EL GLR / EL GLT / EL GRT / EL
EWood 0.015 0.046 0.054 0.037 0.005
1 Results of the performed quasi-static tensile tests 
µLR / – µLT / – µRT / – µTR / – µRL / – µTL / –
0.229 0.488 0.665 0.231 0.018 0.009
Table 1: Orthotropic material parameters of cactus wood
Assumptions for the  YOUNG's moduli  Ei, the  shear moduli  Gij and the  POISSON's ratios  µij of cactus 
wood in longitudinal (L), tangential (T) and radial (R) stem direction [29] 
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The parenchymatous tissues (pith and cortex) and the skin were treated as isotropic materials 
with equal material properties in all directions. The POISSON's ratios were assumed to be 0.45 for 
the parenchymatous tissues [23] and 0.4 for the skin. 
The finite element software suite Abaqus 6.6.1 (Dassault Systèmes S.A.) was used for the nu-
merical analyses of the generated models. As the stability of a structure always depends on the con-
stituent material as well as its geometry, several simulation runs with variation in these parameters 
were performed. Results of entire ramification models were compared to simulations taking only 
the vascular tissue and the pith into account to clarify the mechanical role of the succulent cortex. 
Models with orthotropic and isotropic material constants were used to highlight the influence of the 
fibrous wood on the stress state in the ramification zone. The results of these simulations (P. pachy-
cladus:  Fig. 4 E,I; M. geometrizans:  Fig. 4 F,J) were compared to a reference model consisting of 
two joint cylindrical tubes (Fig. 4 C,G) and a biomimetically optimised model using the design 
rules established by MATTHECK for mimicking tree ramifications (Fig. 4 D,H) [15,16,17]. 
2.2 Results
2.2.1 Anatomy
Pilosocereus pachycladus
In cross sections of the trunk or the side shoots the arrangement of the four main tissues pith, cortex, 
wood and skin of P. pachycladus (Fig. 1 A) is radially symmetric. The shape of the cortex resembles 
a regular star polygon with six ribs in form of equilateral triangles (Fig. 1 D). The wood tube has a 
central position within the erect stem. It is tangentially segmented into loosely interconnected wood 
strands by the axially superimposed lacunae underneath the axillary buds on the ribs crest (Fig. 2 D). 
The wood strands consist of an alternating sequence of axially and radially straight fiber lamellae and 
parenchymatous rays (Fig. 1 G,J). 
The wood strands in the stem below a ramification adjacent to the branching point are thickened. 
Their vascular tissue partly diverges out in radial direction forming a compact socket inside the suc-
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culent cortex (Fig. 2 J). In cross section this socket is of elliptical shape with major axis in transversal 
direction. After passing through the epidermis  the vascular tissue is enlarged in diameter, forming 
the above described wood tube filled with parenchymatous pith (Fig. 2 J). Remarkable anatomic de-
tails are distinct indentations on the adaxial and abaxial side of the elliptical socket at the transition to 
the vascular tissue of the stem (Fig. 2 G). The fibers originating in the wood strands of the stem cir-
cumvent the indentations and join on the adaxial and abaxial side of the socket. In the indented area 
on the abaxial side no privileged fiber direction is prevalent. In the stem, adjacent to the branch base, 
an increased number of interconnections towards the branch base is visible between the axially run-
ning fiber lamellae (Fig. 2 G). 
Cleistocactus morawetzianus
The long slender branches of C. morawetzianus (Fig. 1 B) form a wide upward curve. In periods of 
drought the shoots become limp and bend down. In cross-sections close to the branch base, the vas-
cular tube is developed eccentrically towards the adaxial side of the branch resulting in a thickened 
tube wall on the abaxial side (arrow in Fig. 1 E). More distantly from the stem, the vascular tube has 
an elliptical  form with major axis  arranged in transversal  direction.  Most  of the adjacent  cortex 
parenchyma is of firm consistency. A continuous tangential segmentation of the vascular tube into 
distinct straight wood strands is lacking. The lacunae are superimposed with an alternating offset  
leading to a net-like structure of the tube wall (Fig. 2 E) and a meandering course of the wood strands 
in longitudinal direction. In radial direction the lamellae exhibit a meandering shape (Fig. 1 H). Hori-
zontal growth ruptures subdivide the pith within the shoots. 
The ramifications of  C. morawetzianus feature the same anatomical details  as  P. pachycladus: 
again, the vascular tube of the stem beneath the branching is thickened. A compact socket of elliptical 
cross section with transversal major  axis forms the junction between the vascular  tissues  of the 
branch and the vascular tissue of the stem (Fig. 2 K). Distinct indentations on the adaxial and abaxial 
side exist (Fig. 2 H). 
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Fig. 2: Morphology and macroscopic anatomy of cactus ramifications
from specimens of (A,D,G,J) Pilosocereus pachycladus, (B,E,H,K) Cleistocactus morawetzianus and 
(C,F,I,L) Myrtillocactus geometrizans
12 2 Functional morphology, anatomy and biomechanics of branch-stem junctions...
Myrtillocactus geometrizans
The investigated specimens of Myrtillocactus geometrizans (Fig. 1 C) differ significantly in some 
anatomical aspects from the species described above: the cortex is much thicker, resulting in a com-
paratively small central vascular tube (Fig. 1 F). The distance between the axillary buds is larger 
and the vascular tube forms an almost closed wall with hardly visible lacunae (Fig. 2 F). The fibers 
run straight in longitudinal direction. The rays are small and dispersed (Fig. 1 L). The shape of the 
wood lamellae in radial direction is also straight and the fibers exhibit very thick, lignified cell 
walls (Fig. 1 I). 
The shape of the vascular tissue in the ramification with its smooth contours resembles a typical 
deciduous tree ramification. (Fig. 2 F). The outer diameter of the vascular tissue does not expand 
after passing through the epidermis. Only a slight necking at the passageway through the epidermis 
can be found (Fig. 2 F). No distinct indentations like in P. pachycladus and C. morawetzianus are 
present at the junction between branch and stem (compare Fig. 2 I with G,H). On the other hand, the 
inner structure is similar to the other investigated cactus species. The parenchymatous pith in a 
branchless region is surrounded by a vascular tube (Fig. 1 F), whereas in the junction zone a com-
pact wood socket connects the vascular tissue of branch and stem (Fig. 2 L). 
2.2.2 Material properties
Pith and cortex of all investigated species showed a progressively non-linear stress-strain behav-
ior  (Fig.  3 B),  which  is  typical  for  compressive  material  tests.  In  P. pachycladus and  M. ge-
ometrizans the YOUNG's moduli of the pith (initial linear regression lines) were much higher than 
the ones of the cortex. C. morawetzianus showed an inversed ratio of the YOUNG's moduli for pith 
and cortex (Table 2). 
The skin of all three species featured a regressive behavior (Fig. 3 A), which is typical for tensile 
tests of viscoelastic material and the wood showed in good approximation a linear elastic behavior 
with a slight divergence at higher strains (Fig. 3 A) The YOUNG's moduli of the wood exceeded the 
ones of the skin by one order of magnitude. 
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Table 2 summarizes the arithmetic mean values and the standard deviations of the YOUNG's moduli 
of the pith, the wood, the cortex and the skin of all three cactus species.
In  addition  the  probability  values  (P-values)  for  the  overall  interspecific  and  intraspecific 
KRUSKAL–WALLIS One Way Analysis of Variance by Ranks (KW-Test) [28] as well as the interspe-
cific head-to-head records are listed. All except three of them lie in the range from 10 -8 up to 10-2. 
The exceptions are the head-to-head records of the  YOUNG's moduli for the pith of  C. morawet-
zianus and  M. geometrizans with  a  P-value  of  0.725,  for  the  wood  of  M. geometrizans and 
P. pachycladus with a P-value of 0.606 and for the Cortex of M. geometrizans and P. pachycladus 
with a P-value close to 0.05.
The  P-values of the intraspecific head-to-head records are not listed in Table 2, because they only 
confirm the anatomic difference of the four type of cactus tissue. All except one of them lie in the 
range from 10-7 up to 10-2. The exception is the head-to-head record of the YOUNG's moduli for the 
pith and the cortex parenchyma of M. geometrizans with a P-value close to 0.05. 
Fig. 3: Mechanical behavior of cactus tissues
Representative stress-strain curves for (A) uniaxial tensile tests of wood and skin samples and (B) uni-
axial compressive tests of pith and cortex parenchyma samples. The slope of the linear regression lines 
(straight continuous lines) represents the YOUNG's modulus.
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2.2.3 Finite Element Analyses
Reference model
The reference model of two joint cylindrical tubes shows the typical stress distribution of a cantilever 
beam under self-loading conditions (Fig. 4 C,G). Tensile stresses on the adaxial and compressive 
stresses on the abaxial side of the branch reach their maxima at the junction of the branch with the  
stem. The sharp edge at the transition leads to a very high stress concentration (notch stresses, arrows 
in Fig. 4 C,G), which increase the risk of failure [15,16,17]. 
MATTHECK-Model
In a model based on  MATTHECK's design rules [15,16,17], the mechanical stresses in the junction 
zone are spread over a larger area (compare Fig. 4 D,H with Fig. 4 C,G). The enlarged branch base 
diameter in combination with a smooth curvature in the transition zone between stem and branch 
helps to reduce the stress magnitude and lead to a homogeneous stress distribution with no critical  
notch stress peaks on the abaxial and adaxial side of the branch base. 
Species EPith / MPa1 N EWood / MPa2 N ECortex / MPa1 N ESkin / MPa2 N Pall3
Pilosocereus 
pachycladus
0.74 ± 0.40 16 3,173.6 ± 599.8 6 0.02 ± 0.01 22 373.2 ± 38.1 5 <10-8
Phth, Pc-Cm4 <10-4 <10-2 <10-5 <10-3
Cleistocactus 
morawetzianus
0.10 ± 0.07 10 1,218.9 ± 222.1 8 0.77 ± 0.23 10 213.8 ± 59.1 8 <10-6
Phth, Cm-Mg4 0.725 <10-3 <10-3 <10-2
Myrtillocactus 
geometrizans
0.11 ± 0.07 11 3,140.6 ± 645.5 8 0.04 ± 0.01 8 566.8 ± 92.1 8 <10-5
Phth, Mg-Pc4 <10-4 0.606 <0.05 <10-2
Pall4 <10-5 <10-3 <10-5 <10-3
Table 2: YOUNG's moduli of cactus tissues
Exxxx (arithmetic mean value ± standard deviation)  in cactus stems depending on tissue and species, 
pobability values  Pxxx from the  KRUSKAL–WALLIS One Way Analysis of Variance by Ranks[28] and 
number of tested specimens N
1 uniaxial compressive test all overall comparison
2 uniaxial tensile test in longitudinal direction hth head-to-head record
3 intraspecific comparison Pc-Cm between P. pachycladus & C. morawetzianus
4 interspecific comparison Cm-Mg between C. morawetzianus & M. geometrizans
Mg-Pc between M. geometrizans & P. pachycladus 
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Fig. 4: Finite Element Analyses of cactus ramification models
for (A,E,I,K)  Pilosocereus pachycladus and (B,F,J,L) Myrtillocactus geometrizans in comaprison to 
(C,G) a reference model  and (D,H) a MATTHECK-Model [15,16,17]. Tensile stress (σt) is displayed in 
red and compressive stress (σc) in blue. 
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Pilosocereus pachycladus
The model representing the woody support structure of the ramification of P. pachycladus shows that 
the indentations on the adaxial and abaxial side in combination with the orthotropic material behavior 
divide the stress maxima in two major parts and shift them laterally towards the periphery of the 
branch socket (compare Fig. 4 E,I with Fig. 4 C,G). No critical stress concentrations can be found in 
the median region. In simulations that also take the succulent cortex into account a reduction of the 
compressive stress in the vascular tissue on the abaxial side of the branch base could be detected as 
the succulent cortex partly dissipates the compressive stress (arrow in Fig. 4 K). 
Cleistocactus morawetzianus
The branching is  morphologically very similar to  P. pachycladus,  suggesting that  the results  are 
transferable to C. morawetzianus. Therefore, no additional simulation was performed. 
Myrtillocactus geometrizans
The simulation excluding the cortex features a homogeneous stress distribution with no stress con-
centrations on the abaxial side of the ramification similar to the MATTHECK-Model (compare Fig. 4 J 
with Fig. 4 H). On the adaxial side the orthotropic material behavior of the cactus wood leads to a  
lateral shift of the stress maximum. The median section is free of tensile stresses (Fig. 4 F). The dif-
ference to a ‘normal’ tree ramification is substantiated in simulations including the cortex. The tensile 
stress maxima and compressive stress minima in the vascular tissue are reduced by almost 50%. The 
cortex partly dissipates the compressive stress on the abaxial side of the branch (arrows in Fig. 4 L). 
2.3 Discussion
2.3.1 Material properties
Due to the small sample size available for material tests the reliability of the presented results is lim-
ited, but still sufficiently to allow for comparative studies among the considered species as well as 
between columnar cacti and other arborescent dicotyledons with lignified supporting tissue. 
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The fact that all investigated plants were raised in green houses without wind loads and their 
young age in comparison to full-grown cacti in their natural habitat reduces the validity of the results  
to young plants. However, structure-function relationships between the mechanical properties of the 
constituent tissues and the (shrubby or treelike) habit can be observed. 
The non-linear stress-strain behavior of pith and cortex in all investigated specimens (Fig. 3 A) is 
typical for non-linear elastic materials under compression [30], whereas the stress-strain-curve of the 
skin with a divergence at higher strains (Fig. 3 B) is typical for a non-linear elastic material under 
tension q. The values confirm former results for the skin of other cactus species [31]. The initial lin-
ear elastic behavior of wood with a slight divergence at higher strains (Fig. 3 B) is similar to hard-
wood known in other dicotyledons [29]. 
The intraspecific comparison of the YOUNG's moduli of the different cactus tissues, confirms the 
assumption that the cactus wood represents the main mechanical support of the ramification (Table 2) 
[8]. The rather low YOUNG's moduli in longitudinal direction of the cactus woods in comparison to 
other diffuse porous hardwoods, e.g. paper birch (Betula papyrifera,  E = 8,100 MPa) [29] or silver 
maple  (Acer  saccharinum,  E = 6,500 MPa)  [29]  correlate  with  the  large  sized  multiseriate  rays, 
which reduce the relative amount of stiff fibers in longitudinal direction of the vascular tissue (Fig. 1 
G–L) [32]. 
For  both  tree-like  species  Pilosocereus  pachycladus and  Myrtillocactus  geometrizans the 
YOUNG's moduli  of  wood  and  pith  are  significantly  higher  than  in  the  shrubby  Cleistocactus  
morawetzianus. This difference is also expressed by the response upon drought: while the branches 
of the tree-like species remain in their positions, the arch-shaped, slender shoots of  C. morawet-
zianus bend down under water stress, suggesting that the stability of its branches relies on a hydraulic 
system consisting of the wood, the peripheral cortex and the skin. The low YOUNG's modulus of the 
pith of C. morawetzianus and the presence of horizontal growth ruptures reduces its contribution to 
the mechanical stability. It seems that during drought and the concomitant diminished water content, 
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the turgor pressure of the parenchymatous cortex cells drops and therefore the stiffening effect of the 
cortex is reduced. The hydraulic system collapses and the shoots bend down. In contrast, the pith of 
the two tree-like cacti  P. pachycladus and  M. geometrizans exhibits  higher  YOUNG's moduli  than 
their cortex. This finding points to a mechanism that helps decreasing the buckling risk of the cactus 
shoots in younger stages (when the wall thickness of the vascular tube is still small) by preventing an 
ovalisation of the wall of the vascular cylinder [33,34,35]. 
2.3.2 Finite Element Analyses / Stress-strain relationships in branch-stem attachments
Precondition  for  understanding  the  load  adaptation  in  cactus  ramifications  is  the  theorem  of 
collinearity between fiber course and main tensile stress direction. Due to their flexibility, individual 
fibers are good in tolerating tensile forces but very poor in resisting compressive stresses. Therefore, 
in a composite material (like the vascular tissue of plants) the fibers ideally should be arranged ac-
cording to the tensile stress direction, i.e. in a horizontally oriented cantilevered beam under dead 
weight conditions the fibers lie on the upper (adaxial) side of the beam in longitudinal direction [19]. 
Embedding the fibers in a compression-stiff matrix material (lignification of the cell walls of the vas-
cular tissue) allows to deal with compressive stresses on the lower (abaxial) side. Additionally, tree 
ramifications feature characteristic  shapes  with smooth contours and no abrupt transitions  at  the 
branch-stem-junction resulting from material accumulation by secondary growth. This leads to ho-
mogeneous stress conditions with no critical notch stresses at the transition to the stem (Fig. 4 D,H) 
[15,16,17]. 
The load adaptation of M. geometrizans follows this rule to some extent. The dissected specimens 
closely resemble typical hardwood tree ramifications. This is mirrored by results of the simulation 
runs excluding the cortex. Like in deciduous trees, the stress maxima are spread over a larger area as  
compared to the reference model (compare Fig. 4 F,J with Fig. 4 C,G). But the secondary growth still 
remains limited by the surrounding cortex. So it is likely that the broad parenchymatous cortex itself 
takes over the role as mechanical support (arrows in Fig. 4 L). 
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In contrast to M. geometrizans, P. pachycladus does not exhibit such a thick cortex as compared 
to the dimensions of the vascular tissue (compare Fig. 1 D with Fig. 1 F). The secondary growth of 
the wood is even more constrained resulting in a differing load adaptation of the vascular tissue in the 
ramification zone. Under the above-mentioned precondition of stress and fiber collinearity the abax-
ial and adaxial  median regions feature distinct indentations that divide the central stress maxima 
(compare Fig. 4 E,I with Fig. 4 C,G). Due to the orthotropic material behavior of the wood, the stress 
concentrations  are  shifted  laterally  towards  regions  with  a  smooth  curvature  between  stem and 
branch where the fiber course exhibits no abrupt change of direction. As a result all fibers are aligned 
according to the tensile stress direction. 
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3 Secondary growth of the leaf and bud traces in Hylocereus undatus 
(Cactaceae) during the formation of branches or flowers
Side shoots of angiosperm plants, whether vegetative or floral, develop from the shoot apical meris-
tem (SAM) of a dormant bud situated in a leaf axil of the parental shoot. These dormant axillary buds 
are connected to the stele of the parental shoot by leaf/bud traces. When the dormant bud is activated, 
its traces must ensure the supply of water and nutrients and also the stability of the side shoot as it  
grows and becomes heavier. Several specific growth strategies of the parental stem–side shoot con-
nections to cope with these requirements have been described. For example, in the case of ordinary 
eudicot tree ramifications, the secondary growth of the xylem leads to an optimized shape that mini-
mizes the risk of failure under static and dynamic loading [15,16,17]. Another example of a load 
adaptive mechanism is the formation of sclereids in apple fruit peduncles that sustain the increasing 
fruit weight [36]. 
Putting the focus on stem succulents, the question arises how the presence of a broad succulent 
cortex affects leaf/bud trace development when a branch or a flower forms. In cacti, the dormant  
buds are situated on the crest of the succulent ribs [5,37,38,39]. Thus the leaf/bud traces that link 
them to the narrow stele must traverse the cortex at its widest point. Consequently, in the case of suc-
culent cacti, traditional models based on non-succulent plants cannot confidently predict how the ex-
ceptionally long leaf/bud traces develop after the axillary bud is released from dormancy. 
Earlier work on functional anatomy of cactus ramifications were interpreted as being a load adap-
tation strategy specific to certain columnar cacti in self-supported growth. The vascular tissue in the 
branching zone showed characteristic indentations on the adaxial and abaxial side of their ramifica-
tions that help to ensure the mechanical stability by adjusting the stress state to the prevalent fiber 
orientations [1,2]. 
The climbing cactus Hylocereus undatus (Fig. 5 A,E), also known as Queen of the Night, Dragon 
Fruit or Pitahaya, has several features that make it a good organism for studying the development of 
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exceptionally long leaf/bud traces that traverse a broad cortex [25]. First, its shoots have three tall, 
slender ribs (height: 2.5 – 5 cm), so the leaf/bud traces for each axillary bud not only must be at least 
2.5 cm long, but they also must be confined to a space narrower than the rib (that is, they cannot  
spread laterally more than a few millimeters). Second, some axillary buds develop into long, slender 
branches  that  grow indeterminately (length: > 5 m; diameter: 4 – 7.5 cm) and their  steles  become 
woody like the ones of the parental shoot. Third, other axillary buds develop into very large flowers 
(length: 25 – 27 cm, diameter: 15 – 20 cm; weight: ~200 – 220 g), which if pollinated develop into 
large, heavy fruits (length: 5 – 12 cm; diameter: 4 – 9 cm; weight: ~ 350 – 500 g), but of course nei-
ther flowers nor fruits have indeterminate growth. Fourth, once a dormant axillary bud begins to 
grow, it is easily identifiable as either vegetative or floral while still barely visible. Fifth, it is a mem-
ber of Cactoideae and has cortical bundles. 
In H. undatus, the two kinds of parental stele–side shoot connection, the vegetative branch socket 
(Fig. 5 H) and the support structure of the reproductive shoot (Fig. 5 I), both become heavily ligni-
fied. Because both develop from the same initial state (leaf/bud traces), the subsequent question is  
how secondary growth of these structures takes place such that they meet the requirements of the  
concerned side shoot. For example, if the bud develops into a vegetative branch, the leaf/bud traces 
must develop such that they both support the attachment of the continuously growing branch to the 
parental shoot, and they must facilitate two-way conduction: water and minerals out to the branch 
and sugars back to the parental shoot. Alternatively, if the axillary bud develops into a flower and 
then into a fruit, the growth of the bud traces will be determinate and it is unlikely that they become 
as massive as in case of a vegetative branch. Conduction will probably be entirely or mostly one-
way: out to the reproductive side shoot, with nothing being conducted back to the parental shoot. 
The biology of leaf/bud traces in cacti is further complicated. Whereas in most plants the cortex is 
thin and unvascularized, that of cacti is thick and has a dense, three-dimensional network of vascular 
bundles. The leaf/bud traces are interconnected to this network of cortical bundles and, in many 
species to medullary bundles too. It is even possible that cortical bundles might undergo secondary 
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growth and support the developing axillary bud [5,40,41,42]. 
The aim of  the investigations  reported  here was  to  clarify how the  secondary growth of  the 
leaf/bud traces in H. undatus proceeds in detail. As the leaf/bud traces in cacti are much longer, but 
basically the same as in non-succulent plants, an additional motive for this study was that new in-
sights might enhance the understanding of secondary growth in plant ramifications in general. 
3.1 Material & Methods
3.1.1 Investigated plants
Living plant material of Hylocereus undatus (HAWORTH) BRITTON & ROSE [25] was collected in the 
Botanical Garden of the Technische Universität Dresden (Germany) and the River's End Nursery at  
Los Fresnos, TX (USA). The specimens obtained from the botanical garden had been cultivated in 
the succulent greenhouse with seasonal irrigation during spring and summer time. The basal shoot of  
the sampled plant grew on trellises to a height of about 4 m. In the upper part, it branched profusely, 
forming numerous trailing or drooping shoots (Fig. 5 E). The plants in the cactus nursery were culti-
vated outdoors with supplementary irrigation in dry periods. The sampled plant grew self-supported 
to a height of 5 m. The long slender shoots drooped under their own weight (Fig. 5 A). 
All investigated shoots had three dark-green ribs with bark-covered, lobed margins. Each dormant 
axillary bud, was situated in a depression between two rib lobes and had up to three spines. 
3.1.2 Macroscopic investigations
The aim of the macroscopic investigations was to determine the course of the leaf/bud traces running 
from the central vascular cylinder through the succulent cortex to the axillary buds or the side shoots. 
Four types of samples in different developmental stages were obtained from subterminal shoots: 
(1) traces to the dormant axillary buds (Fig. 5 C), (2) traces to small developing buds (Fig. 5 D,G), 
(3) traces to flower abscission scars (Fig. 5 F) and (4) traces to small vegetative branches (Fig. 5 B). 
Depending on the extent of lignified fibers present in the samples, different preparation techniques 
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had to be used: (1) the vascular traces connecting a parental shoot with a fully developed branch or 
flower abscission scar had become woody. The cortex tissues were removed by manual dissection 
with razor blade, scalpel and forceps. For optical imaging the prepared specimens were mounted onto 
a rotary support. 
Fig. 5: Morphology and anatomy of vegetative and floral side shoots (Hylocereus undatus)
Investigated strucures: (A) outdoor plant, (B) parental shoot with young branch, (C) dormant axillary 
bud, (D) small vegetative bud, (E) indoor plant; (F) flower abscission scar, (G) flower bud, (H) socket 
of old branch, (I) support structure of fully developed flower 
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(2) The vascular traces connecting a parental shoot to earlier developmental stages (i.e. the axil-
lary bud was dormant or had just begun to produce a small vegetative or floral bud) were studied 
with two different preparation techniques: (2a) the course of the leaf/bud traces in the median plane 
of a single rib was analyzed in longitudinal half-sections that were made with a sharp slim knife. 
These pieces were fixed in FAA (formalin – acetic acid – ethanol) solution (1:1:18) and mounted for 
imaging temporarily onto a tiltable support. 
(2b) A three-dimensional view into the structure was realized by clearing the tissue around the 
vascular traces [43]. The three (radially symmetric) ribs of a shoot segment were separated by radial-
longitudinal sections through the stele center and the rib valleys. The epidermis and hypodermis were 
removed with a razor blade. The samples were fixed in RANDOLPH's modified NAVASHIN's solution 
[44] for 12 hours and hardened in 80%-ethanol for 2 weeks. After rehydration, they were simultane-
ously cleared and stained in sodium hydroxide and basic fuchsin at 60 °C for 12 hours. Subsequently 
the samples were rinsed in water several times and dehydrated in an ethanol series. The final tissue  
clearing was achieved by gradually exchanging the ethanol with xylene. For imaging purpose the 
samples were transferred into an optical class cuvette filled with xylene. 
3.1.3 Microscopic investigations
The aim of the microscope examinations was to investigate the growth of the leaf/bud traces on tis-
sue level. The sample material was obtained from a downward bending shoot with almost horizontal 
alignment (Fig. 5 B): it contained numerous dormant axillary buds, one small branch and several 
flower and vegetative buds. 
Sets of small  adjoining sample blocks comprising the whole region from the central  cylinder 
through the entire cortex were cut from the parental shoot with a scalpel. The excised samples were 
fixed immediately in  NAVASHIN's solution for 12 hours, dehydrated in a combined ethanol/tert-bu-
tanol series and infiltrated with Paraplast Plus (Fisher Scientific). After casting, sections were cut on 
a rotary microtome and stained consecutively with safranin and fast green [45]. 
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3.2 Results
3.2.1 Initial state: vascular traces to a dormant axillary bud
The initial state of the vascular traces was recorded in specimens with dormant axillary buds from 
positions close to the tip of the parental shoot (Fig. 6 A-F). Common to all samples was that the 
traces of each axillary bud were always present in pairs, with both members of each trace pair depart-
ing from the stele at the same level. These pairs of trace origins were serially aligned in longitudinal 
direction of the parental shoot (Fig. 6 A: I-III). 
As they traversed the cortex, the members of each trace pair ran mostly parallel to each other and 
near the median plane of the corresponding rib. This almost mirror symmetric arrangement was inter-
rupted by random interconnections of neighboring traces on one or the other side of the median 
plane, giving the impression of a trace network. (Fig. 6 A,B). 
The multiple trace pairs of each axillary bud were arranged in two sets: (1) a relatively inconspic-
uous apical set consisting of two (Fig. 6 A: II,III) and in some cases even more (Fig. 6 H,N) trace 
pairs with an almost straight course from the stele to the axillary bud (Fig. 6 A: γ), and (2) a basal set 
of only one trace pair (Fig. 6 A: I) that departed from the stele at a much lower level. On their way 
through the cortex, each of the two traces of the lower set split into one ascending (Fig. 6 A: β) and 
one descending part (Fig. 6 A: α). The descending traces dispersed into the cortex and did not supply 
the axillary bud directly. The ascending traces of the basal set ramified and fused with some of the 
lowermost traces of the apical set. 
In the initial stage, the traces were collateral open vascular bundles, with the arrangement of the 
bundles and the orientation of xylem and phloem varying depending on their position. In proximal 
(close to the stele of the parental shoot) microtome sections (Fig. 6 B, plane marked C), all trace pairs 
showed an almost horizontal orientation: the xylem pointed inward toward the median plane and the 
phloem faced the epidermis of the rib (Fig. 6 C,D). Whereas the basal traces maintained this orienta-
tion throughout their length, the bundles of the apical trace set changed from being linearly arranged 
26 3 Secondary growth of the leaf and bud traces in Hylocereus undatus (Cactaceae)...
with almost horizontal orientation close to their origin to being U-shaped distally (close to the axil -
lary bud, Fig. 6 B, plane marked E; compare Fig. 6 E,F with Fig. 6 C,D). Here the xylem was located 
centrally and the phloem peripherally (compare Fig. 6 F with Fig. 6 D). 
3.2.2 Vascular trace development as an axillary bud grew to be a vegetative branch
In the case that a vegetative branch (~ 20 cm long) developed from the axillary bud (Fig. 6 S,U,W), 
the macroscopic appearance of the vascular tissue supporting and supplying the vegetative branch 
changed from a delicate filigree of traces in the initial state (Fig. 6 A,B) to a massive woody socket 
that comprised all members of the apical trace set as well as the ascending part of the basal set of  
traces (Fig. 6 S) The outer diameter of this socket slightly exceeded the diameter of the stele of the 
branch. At the passageway through the epidermis of the parental shoot, a localized constriction or 
neck in the vascular tissue indicated the site at which the axillary bud traces became the stele bundles 
of the vegetative branch. 
This is mirrored by the microscopic anatomy. Distally (Fig. 6 S, plane marked W), the branch 
socket with its radially symmetric arrangement of fibers, vessels, and wood rays (Fig. 6 W) resem-
bled already the typical structure of the vascular tissue in the stele of columnar cacti.  Concentric  
rings of xylem, vascular cambium and phloem surrounded a parenchymatous center. But instead of 
pith parenchyma this center consisted of remaining cortex parenchyma of the parental shoot. The 
xylem had a wood dimorphism with a sharp border between an inner ring of unlignified parenchyma-
tous wood (xylem that had been formed first) and an outer ring of completely lignified fibrous wood 
(xylem that had formed later; Fig. 6 W). This xylem with thick-walled fibers and narrow vessels as 
well as the small amount of surrounding phloem were formed by a ring of cambium with alternating 
fascicular and interfascicular cambia. Proximally (Fig. 6 S, plane marked U), the center of the branch 
socket consisted of several cores of unlignified parenchymatous wood that were separated by cortex 
parenchyma (Fig. 6 U). As in the distal sections a continuous ring of lignified wood, a cambium and 
a thin phloem surrounded all these cores of parenchymatous wood at once. 
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Fig. 6: Leaf and bud trace development of vegetative and floral side shoots (Hylocereus undatus)
(A–F) dormant axillary bud, (G,I,K) young vegetative bud, (H,J,L) young flower bud, (M,O,Q) older 
vegetative bud, (N,P,R) older flower bud, (T,U,W) branch socket and (S,V,X) flower support structure.
I–III – traces origins at the parental stele;  α,β –  basal (leaf) traces with diverging course;  γ – apical 
(bud) traces with converging course →
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The development of this structure could be traced back in younger stages when an axillary bud had 
developed just enough to be recognizable as a vegetative bud (Fig. 6 M,O,Q). Distally (Fig. 6 M, 
plane marked Q), the vascular tissue of the joint apical trace set in the form of a horseshoe was still  
separated from the vascular tissue of the basal traces, that inserted into the vegetative bud,  by cortex 
parenchyma (Fig. 6 Q). The radially symmetric structure of the apical trace set already exhibited the 
described wood dimorphism: a parenchymatous center was surrounded by two layers of vascular tis-
sue, an inner layer of unlignified parenchymatous wood and an outer layer of lignified fibrous wood, 
whereas the portion of the inserting basal traces consisted only of parenchymatous wood. The ring of 
surrounding vascular cambium was about to close and become continuous. Proximally (Fig. 6 M, 
plane marked O), the separate cores of vascular tissue consisted solely of unlignified parenchymatous 
wood and each separate core was surrounded individually by its own ring of vascular cambium (Fig.
6 O). Neither lignified fibrous wood nor a continuous ring of vascular cambium surrounding the 
whole structure had formed yet. 
And even before a vegetative bud became visible (Fig. 6 G,I,K), all described elements of the later 
branch socket had been set up. In sections of some specimens from intermediate shoot positions 
without any visible signs of budding, the radially symmetric structure that had been identified to be 
characteristic for a branch socket was already visible, but all wedges of parenchymatous wood were 
still separated by cortex parenchyma of the parental shoot (Fig. 6 I,K). No signs of the formation of 
lignified fibrous wood in the xylem were visible, but hints on the formation of interfascicular cambia  
between the fascicular cambia of the wedges were found in distal positions (Fig. 6 K). 
Fig. 6 (continuation)
The specimens were prepared by (A,B,G,H,M,N) tissue clearing, (S,T) manual dissection and micro-
tome section across the leaf/bud traces. The aproximate positions of the microtome sections (C,E, I–L, 
O–R, U–X) are marked in the macroscopic images (B,G,H,M,N,S,T), and the positions of the detailed 
views at higher magnification (D,F) are marked in the overview images (C,E). All micrographs (C–F, 
I–L, O–R, U–X) are in the same orientation, the top image border is pointing in apical direction of the 
parental shoot. 
The fully developed branch socket had to be trimmed for preparation purpose along its median plane. 
In full sections the circular arrangement of the vascular tissue would be mirror symmetric to the me -
dian plane (right image border in U,W). 
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3.2.3 Vascular trace development as an axillary bud grew to be a floral branch
The first striking detail when analyzing the woody flower support (Fig. 6 T,V,X) that remains in the 
cortex of the parental shoot after the flower had faded was the reticular structure of several intercon-
nected woody strands. Their  arrangement resembled the course of the axillary bud traces (Fig. 6 
A,B), but along their length within the cortex they often fused with neighboring strands (Fig. 6 T). 
A wood dimorphism as described for the vegetative branch socket was also present in the support 
structure of a floral branch, but the microscopic anatomy of the woody strands differed significantly.  
In cross sections the strands were wedge shaped. Distally (Fig. 6 T, plane marked X), the wedges 
were in a circular, radially symmetric arrangement (Fig. 6 X). Proximally (Fig. 6 T, plane marked V), 
the arrangement was pairwise rather than circular (Fig. 6 V), with the tip of each wedge pointing in-
ward toward the median plane of the rib. As the development of a closed ring of vascular cambium 
by formation of interfascicular cambium remained incomplete, no multiseriate rays were present and 
the wedge pairs remained separated by cortex parenchyma. The tip of a wedge (the earliest part 
formed) consisted of parenchymatous wood, adjacently followed by fibrous wood (formed later), a 
fascicular cambium and a broad phloem. The border between the two kinds of wood was not as dis-
tinct as in case of the vegetative branch (compare Fig. 6 V,X with Fig. 6 U,W). In the fibrous part of 
the wood, zones of fibers with thick cell walls alternated with zones of thin-walled fibers. The ran-
domly distributed vessels were much wider than the vessels in the branch support. 
In a younger stage, when only a small flower bud was visible (Fig. 6 N,P,R), the support structure 
was totally unlignified. Distally, the wedge circle had almost achieved its final diameter (Fig. 6 R). 
Proximally, the wedge pairs of vascular tissue had less secondary xylem (Fig. 6 P) than in the fully 
developed state (Fig. 6 V). 
As in the case of the vegetative bud, the secondary growth of the bud traces could be detected be-
fore a flower bud became visible (Fig. 6  H,J,L). In some specimens without any signs of budding 
newly formed xylem showed already the characteristic wedge shape with randomly distributed ves-
sels. Neither parenchymatous rays nor hints on interfascicular cambia were present (Fig. 6 J,L). 
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3.3 Discussion
In Hylocereus undatus, development of axillary buds either as vegetative or floral branches induces 
secondary growth not only in the bud traces themselves but also in leaf traces and some of the closest 
cortical bundles. The leaf/bud traces are subdivided into a basal and an apical set of traces, and the 
multiple pairs of the upper trace set (Fig. 6 A: I,II,γ) with their converging course toward the dormant 
axillary bud can be interpreted as bud traces. The lower set (Fig. 6 A:  I) comprises only the most 
basal trace pair, which suggests that it derives from the leaf traces. In their course, the basal traces 
ramify multiple times and some of their subtraces (Fig. 6 A: α,β) even connect to the apical trace set, 
but most of their diverging subtraces give rise to at least part of the cortical bundle network that vas-
cularizes the succulent cortex of the parental shoot. In either type of bud development, whether vege-
tative or floral, secondary growth occurs in the upper (bud) traces, the middle (leaf) traces and some 
cortical bundle ramifications of the leaf traces. Due to various interconnections between its individ-
ual bundles, the axillary bud SAM and whatever it produces after dormancy is broken is supplied by 
a three dimensional network of vascular traces. In early developmental stages, this redundancy mini-
mizes the risk of undersupply resulting from embolism, vessel failure, etc.
The involvement of leaf traces or cortical bundles to support developing buds does not seem to be 
commonly reported. Leaf traces of Schefflera also undergo secondary growth and act as branch sup-
port structures [46]. As the perennial shoots of many species of Cactoideae age, their cortical bundles 
(even those not associated with axillary buds) undergo secondary growth, but typically large amounts 
of secondary phloem are produced with little or no secondary xylem [5,41].
All trace sets are initially equivalent: the arrangement of leaf/bud traces and cortical bundles is the 
same in all internodes with dormant axillary buds. It does not appear as if the parental shoot has any 
traces or axillary buds set aside to be vegetative with a special type of leaf/bud trace, nor does it have 
others set aside to be floral. This equivalency is visible both in clearings and in sections. Surprisingly, 
neither the vascular bundles of the lower trace set nor those of the upper set exhibit a dorsiventral ori-
entation with abaxial phloem and adaxial xylem, as might be expected [47]. All vascular bundles are 
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arranged such that the xylem points inward toward the area that will later be the center of the side  
shoot; the phloem faces outward, toward the epidermis of the corresponding rib.
The equivalency of the dormant axillary buds and their traces is not surprising, but also cannot be 
taken for granted. Many members of Cactoideae have specialized flowering zones; for example they 
flower only from new axillary buds at the distal end of shoots, or only from axillary buds that are 
several years old [25]. In certain genera such as Arrojadoa, Cephalocereus, Espostoa [48], Melocac-
tus [7] and several others, the flowering zone is extremely modified and called a cephalium: the epi-
dermis, cortex, leaf/bud traces and even the wood of these flowering zones differ dramatically from 
those of the zones that are incapable of flowering. In Neoraimondia, certain axillary buds produce  
flowers perennially, developing into prominent spur shoots that are anatomically very dissimilar to 
non-flowering shoots [49]. H. undatus has no obvious cephalium, but flowers are produced predomi-
nantly on pendant shoots, so the similarity of all leaf/bud traces examined is important.
After bud dormancy is broken the leaf/bud traces develop in two very different manners, accord-
ing to the nature of the side shoot. Both have in common that fascicular vascular cambia arise within  
the vascular bundles, but the main difference between vegetative and floral development is the for-
mation of interfascicular cambia in the cortex between the vascular bundles leading to a vegetative 
branch. As a bud grows to be a vegetative branch, the various fascicular and interfascicular cambia 
join, forming a closed ring of vascular cambium that encompasses bud traces, leaf traces and several 
cortical bundles. As a consequence, the vascular tissue of the branch socket develops a radially sym-
metric structure with fiber lamellae and broad parenchymatous rays, which is typical for cactus wood 
[49,50,51,52,53]. This adaptation ensures radially symmetrical, indeterminate growth capable of sup-
plying both conductivity and mechanical stability [1,2].
In contrast, no interfascicular cambium forms as the axillary bud develops into a floral branch. 
Apart from some random interconnections, the bud traces, leaf traces and nearby cortical bundles de-
velop into woody strands but remain distinct from each other. Without interfascicular cambia, no 
wood rays develop during secondary growth and the newly formed xylem consists only of many 
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broad vessels randomly distributed in wedges of axial matrix. The numerous independent fascicular 
cambia induced by floral development produce a support structure that emphasizes conduction and 
mechanical resistance to tension but not torsion. The lack of interfascicular cambia may be related to 
the fact that the entire structure functions for only a few weeks and becomes obsolete after the flower 
or fruit is shed. Unfortunately, attempts of artificial pollination to investigate secondary growth dur-
ing fruit development were unsuccessful and should be repeated in future studies.
In both types of development, the first product of secondary growth is a parenchymatous wood 
with vessels distributed randomly in a matrix of axial parenchyma; this is later followed by ordinary 
diffuse porous fibrous wood with vessels and heavily lignified libriform fibers. Dimorphic wood is 
common in many species of Cactoideae [5,50,52,54]. Some species are globose while young and rely 
on the turgor of the cortex as mechanical support; during this phase, they produce a wood composed 
of vessels, parenchyma and wide-band tracheids. But as the plants grow taller, turgor is not sufficient 
and the formation of lignified fibrous wood is needed. Apparently H. undatus pursues the same strat-
egy to maintain the stability of its ramifications: the initial weight of a small bud, either vegetative or 
floral,  is  supported  by  the  parental  stem  cortex  and  possibly  the  strength  of  the  hypodermis; 
parenchymatous wood is formed. But once the buds grow larger and heavier, then their support struc-
tures must produce lignified fibrous wood which provides greater support. 
All the described findings lead to the conclusion that the two types of development are genetically 
determined, they are not just a response to external factors. Differences between vegetative and floral 
vascular trace development were detected while axillary buds were barely visible without dissection,  
before factors such as weight or swaying would have affected them. It seems that once the fate of the 
bud is decided, the genetic program for a vegetative or floral shoot is running within the axillary bud, 
and signals (phytohormones) from the bud SAM control the further development of the leaf/bud 
traces. Because flowers develop exclusively on drooping shoots from axillary buds that point down-
ward, further investigations should focus on gravitropic or phototropic stimuli or even a combination 
of both.
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4 Cactus ramifications as concept generators for branched fiber-
reinforced composites
The increasing demand for material and energy efficient products requires new strategies for design-
ing and developing these products. For this, biomimetics is a promising approach adopting the strate-
gies of living organisms to cope with their environmental restrictions as concept generators for solv-
ing engineering problems. The evolutionary optimized biological role models are often characterized 
by functional integration, a low environmental impact and high level of sustainability [55,56].
An idealized biomimetic work-flow consists of several consecutive work steps, beginning with (1) 
the analysis of a biological phenomenon using scientific methods to understand (2) the underlying 
functional principles to their full extent. By means of (3) abstraction, the found biological adaption 
strategies become transferable and (4) may be used to solve an engineering problem resulting in (5) 
an optimized technical product with enhanced properties (Fig. 7) [57,58]. 
A good example to illustrate this bottom-up process is the shape optimization in junctions of struc-
tural elements following the model of tree ramifications proposed by MATTHECK [15,16,17]. The 
biomechanical analysis with established engineering methods like the Finite Element Analysis re-
veals that the stability of the ramification is ensured by a tree-characteristic shape with enlarged 
Fig. 7: Workflow for the biomimetical product development
in a bottom-up process [57,58] on the example of a composite bicycle frame according to MATTHECK's 
design recommendation [15,16,17]
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branch diameters and smooth outer contours at the branch base. No critical notch stresses occur, thus  
the risk of failure due to static and dynamic overloads is minimized by just simple geometric means. 
The abstraction of these findings leads to design recommendations that are easy to follow and which 
may be utilized during the design process without any elaborated simulation skills. When applied to 
an engineering problem, e.g. the development of a bicycle frame in fiber composite construction and 
the design of the junction between the head tube and the top tube or the down tube, respectively, the 
outcome is a load-specific, well-adapted shape, which also facilitates the mold-building for the pro-
duction process by its smooth outer contours (Fig. 7). 
The key element of such a biomimetic work-flow is the principle of analogy between the biologi-
cal model and the technical application. In order to ensure the validity of the biomimetic transfer, the 
similarities of the functional principles FPi as well as the boundary (environmental) conditions BCi 
and the quality criteria  QCi between the biological model and the technical application have to be 
confirmed in an evolutionary algorithm (Fig. 8) [59]. 
Fig. 8: Evolutionary algorithm for biomimetic knowledge transfer [59]
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In the aforementioned example, the functional principles are almost the same. In technical terms, 
a tree ramification is the non-detachable connection of two compact fiber composite beams, the 
branch and the stem. The steering head junctions of a fiber composite bicycle frame are also unde-
tachable connections,  in this  case,  of hollow fiber composite  tubes.  The similarity between the 
boundary conditions is not that obvious at first sight. A tree branch is a cantilever beam, i.e. it is an -
chored at only one end, the branch base. The tip of the branch is unsupported. Commonly, the tubes  
in a bicycle frame are fixed at both ends to other frame tubes. Nevertheless, the load conditions in 
the junctions are comparable: the attachment points are subjected to bending, torsion and transverse 
shear forces. The quality criteria for both kinds of structure, the tree ramifications as well as the  
tube junctions of a bicycle frame, are the stability and safety against failure: a biomimetic optimiza-
tion of the head tube junctions based on the model of tree ramifications seems to be worthwhile. 
Now, when comparing the shapes of cactus and tree ramifications (Fig. 9), the question arises 
how such notched structures provide the same stability and safety against failure. For this, detailed 
morphological, anatomical and biomechanical studies on the ramifications of columnar cacti were 
carried out with regard to the stability of the branching region under the branches’ deadweight and 
additional dynamic wind loads. For understanding the functional principles a parameter study on the 
identified anatomic characteristics was carried out. The findings were abstracted and transferred 
onto a first design proposal for the junction of a technical fiber composite structure. This also in-
cluded an evaluation of the benefits and drawbacks with regard to a potential technical implementa-
tion in comparison to MATTHECK's established design recommendations [15,16,17]. 
Fig. 9: Tree vs. cactus ramification morphology
Typical shape of (A,B) a dicot tree and (C,D) a cactus (Pilosocereus pachycladus) ramification
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4.1 Functional morphology, anatomy and biomechanical analysis of cactus 
ramifications
Although the plant body organization of columnar cacti can be derived from a standard dicot model 
plant, e.g. Arabidopis, their functional morphology and anatomy differs in some aspects significantly. 
In adaptation to their arid or semi-arid environmental conditions columnar cacti from the subfamily 
Cactoideae evolved a stem succulent habit (Fig. 10 A) with only microscopic leaves i.e. all vital 
functions as transpiration/gas exchange, carbon fixation, water storage and mechanical support have 
to be performed simultaneously by the cactus shoots (stem or branches) themselves. 
This is mirrored by the shoot anatomy. The four main tissues, the thick skin (consisting of cuticle, 
epidermis and collenchymatous hypodermis), the broad cortex (consisting of chlorenchyma and hy-
drenchyma), the lignified vascular tissue (consisting of phloem and xylem) and the parenchymatous 
pith (consisting of storage parenchyma) are concentrically arranged around the shoot axis (Fig. 10 
A,B). While the photosynthesis and related processes are limited to the peripheral tissues (skin and 
chlorenchyma), the water storage takes place in almost all other constituent tissues (within the hy-
drenchyma of the cortical ribs as well as in the pith and even in the vascular tissue) [5]. Depending 
on the contemplated species the mechanical stability of the shoots is maintained to varying extent by 
the lignified vascular tissue (cactus wood) and by the turgescent storage parenchyma (pith and cor-
tex) [1,2,8,9]. 
In order to ensure the biomimetic transferability (Fig. 8) of the load adaptation strategies from the 
woody support structures of columnar cactus ramifications to branched technical fiber reinforced 
composites (Fig. 7), the following descriptions focus on cacti in self-supported growth of the species 
Pilosocereus barbadensis,  Pilosocereus catingicola and  Pilosocereus pachycladus  that rely on the 
lignified vascular tissue as main support. 
Apart from some details, that may serve to determine the subspecies of the investigated cacti ex-
actly, the morphology and anatomy of the contemplated specimens varied little. In their natural habi-
tat all three species feature a tree-like shape with a short trunk and numerous up-curved branches.
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Close to the ramification, the branches are lacking the cortical ribs and their cortex is very thin. With 
augmenting distance, the branches enlarge in diameter and the cortical ribs increase in height. This  
gives the impression of constrictions at the branch insertion points (Fig. 9 C,D).
Due to the limited height of the succulent house in the botanical garden of the TU Dresden and the 
involved frequent pruning of the cultivated cacti, only the specimen of P. pachycladus attained an al-
most regular growth form. Branching occurred in all plants spontaneously in intermediate shoot posi-
tions or it was induced by pruning near the cut face. Although the branch development follows in 
both cases the same principle – a single branch develops from an axillary bud situated on the crest of  
one of the cortical ribs of the parental shoots (trunk or preceding branch) – the investigation includes 
only spontaneous ramifications,  because wound closure near  the  cut  face  affected the secondary 
growth of the vascular tissue within the induced ramifications.
The anatomy of the lignified vascular tissue and the fiber course within the woody support struc-
ture were analyzed in (1) longitudinal and cross sections of unramified shoot segments and (2) in  
models of entire ramifications, that had been prepared by a combination of manual dissection and en-
zymatic maceration [1,2].
Like in all other columnar cacti the vascular tissue in Pilosocereus is arranged around a broad pith 
and surrounded by cortical ribs (Fig. 10 B), i.e. instead of a compact woody stele with concentric 
growth rings like in gymnosperm (softwood) or angiosperm (hardwood) trees, the vascular tissue re-
sembles a thick-walled tube with a radially symmetric structure of alternating parenchymatous rays 
and fiber lamellae (Fig. 10 C) [5]. In longitudinal direction this arrangement is partitioned in parallel 
wood strands with recesses beneath the axillary buds (Fig. 10 C,D). 
As consequence of this tubular arrangement and due to their particular development, the branches 
are not anchored within a compact body of wood, which is the case in most gymnosperm and an -
giosperm trees. On the contrary, they are only attached to the peripheral shell of the stele of the 
parental shoot via a compact woody socket within the cortical rib (Fig. 10 D-F). These sockets are 
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formed by secondary growth of the radially diverging leaf and bud traces that connect the axillary 
buds with the stele of the main shoot [4]. Like the wood of the cactus shoots, the sockets exhibit a ra-
dially symmetric structure consisting of parenchymatous rays and fiber lamellae (compare Fig. 10 G 
with C). After passing through the epidermis of the parental shoot, the diameter of the branch socket  
enlarges forming the tubular stele of the branch (Fig. 10 F). 
Anatomical features that have been found characteristic for Pilosocereus are the indentations on 
the adaxial (top) and abaxial (bottom) side of the branch socket at the transition to the stele of the 
main shoot (Fig. 10 H). Laterally, the fiber lamellae within the stele of the main shoot are highly in-
terconnected with cross-linkings pointing towards the branch base (Fig. 10 I).
The impact of some of these anatomic details on the stability of the ramification may be explained 
with a mechanical beam model under dead weight (distributed loads q and ℓ in Fig. 10 J). A beam 
(branch) is fixed horizontally on a vertical pole (stem). Additionally, the beam is supported close to  
the junction point by some springs (cortex).
Looking exclusively at the branch and disregarding the additional support by the cortex, the model 
can be simplified to a cantilever beam under linearly distributed transverse load. The resultant stress 
distribution over the beam's  cross-section is a superposition of bending and shear stress with the 
stress maxima located at the fixing point of the beam to the vertical pole: tension on the adaxial side, 
compression on the abaxial side and shear in the neutral plane [60]. 
Taking the cortex into account, the compressive and shear stress is partially dissipated within the 
cortical ribs [8], and the advantage of the compact socket over a tubular cross section is that the risk 
of buckling at the insertion point gets minimized [19]. 
These theoretical considerations were examined by Finite Element Analysis. Even mechanical 
stress in structural elements with a complex geometry like the branch socket are easily calculated and 
the results can be displayed graphically. For this purpose, finite element models of the cactus ramifi-
cations were generated using the pre-processing software Patran 2009 (MSC Software Corp.).
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Fig. 10: Anatomic characteristics of cactus ramifications
(A) partially dissected stem segment; (B) stem cross section; (C) vascular tissue below a ramification;  
(D) partiallydissected ramification; (E) branch attachement zone; (F) median section and (G) cross  
section of the branch socket; (H) indented region on the adaxial side; (I) interconnected fiber lamellae; 
(J) simplified mechanical model of the ramification; results of the Finite Element Analysis for (K) the  
cortex and (L,M) the vascular tissue. Compressive stress is displayed in blue, tensile stress in red.
40 4 Cactus ramifications as concept generators for branched fiber-reinforced composites
The required material properties were assessed on the basis of three-point bending, tensile and 
compressive tests on the constituent cactus tissues. These tests were performed with a Zwicki-Line 
2.5 kN material testing machine (Zwick GmbH & Co. KG) with 1kN-force transducer and external 
deformation measurement. The analysis of the finite element models was performed with Abaqus 6.4 
(Dassault Systèmes S.A.) [1,2]. 
The Finite Element Analyses confirm the theoretical considerations concerning the mechanical stress 
distribution within the ramification. For clear visualization, tension is displayed in red, compression 
in blue. Green areas are almost free from mechanical stress. 
As predicted, the cortex below the ramification gets compressed (compare Fig. 10 K with J) and ten-
sion occurs on the apical side (Fig. 10 L) of the woody branch socket, compression on its basal side 
(Fig. 10 M). Surprisingly the central indentations are free from mechanical stress. The stress maxima 
occur in lateral regions, in which the fiber lamellae are highly interconnected in direction of the main 
stress trajectories (compare Fig. 10 L with I).
4.2 Principles of load adaptation in cactus ramifications
As described above the stress distribution within a cactus ramifications results from the combination 
of all anatomic features together. The contribution of designated characteristic details on the stress 
state within the woody support structure was examined by a parameter study with simplified models,  
which take into account only few of the anatomic features at once.
Species EWood /GPa N Type of test
Pilosocereus barbadensis 3,766.3 ± 906.2 37 3-point bending
Pilosocereus catingicola 3162.7 ± 955.0 25 tensile
Pilosocereus pachycladus 3,287.7 ± 245.0 4 3-point bending
Pilosocereus pachycladus 3,173.6 ± 599.8 6 tensile
Table 3: YOUNG's moduli of cactus wood
EWood  in longitudinal stem direction of different species from the genus Pilososcereus
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Once again, the starting point is the mechanical beam model of the ramification (Fig. 10 J). The 
stress distribution over the beam's cross section for the cantilever beam (branch) under a linearly dis-
tributed transverse load is easy to calculate (Fig. 11 A) [60], but the utilized model gives no hints 
how the bending and shear stress is dissipated within the clamping (Fig. 11 B). When contemplating 
a model consisting of two joint tubes instead of compact beams, the question arises how the tube rep-
resenting the branch is fixed to the stem tube in horizontal direction and how buckling of the tube 
wall at the insertion point is prevented (Fig. 11 C). 
These considerations lead to a modified beam model, in which the branch tube is attachment at its  
bottom side to the outer shell of the stem tube by a solid bearing. A rotation around its pivot point is 
prevented by a tie rod fixed to the top side of the branch. As the optimal leverage effect for this tie  
rod is reached under force application perpendicular to the connection line between pivot point and 
force application point, the tie rod is oriented in horizontal direction and it is anchored within the 
wall of the stem tube (Fig. 11 D). A compact socket at the attachment point instead of a thin walled 
tube end helps to enlarge the mounting face for additional tie rods. Thus the loads are distributed over 
a larger area and the risk of buckling close to the insertion point is minimized by the solid beam pro-
file (compare Fig. 11 E with D).
The leverage effects at the tie rod fixation points gets modified by the particular shape on the bot-
tom side of the ramification. The additional support comparable to a shelf bracket relocates the solid  
bearing outwards. In consequence the connection lines between the pivot point and the force applica-
tion points of the tie rods are rotated. As the angle of force application for an optimal leverage effect  
remains perpendicular to the contemplated connection line, the tie rod orientations are rotated in the 
same manner. Depending on the vertical position, the tie rod orientation varies between almost verti-
cal at the bottom side to diagonal at the top side (compare Fig. 11 F with E). This alignment is con-
gruent with the interconnections between the fiber lamellae of the vertical wood strands in the stem 
stele (Fig. 11 F with Fig. 10 I).
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Fig. 11: Parameter study on biomechanical load adaptations
Simplified mechanical models of a ramification with the branch being (A–C) inserted into and (D–F)  
attached onto  the  stele  of  the  parental  shoot;  (G–O)  Finite  Element  Analyses  of  models  without 
(H,K,N) and with indentation on the (G,J,M) abaxial and (I,L,O) adaxial side of the ramification.
Compressive stress is displayed in blue, tensile stress in red.
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In order to investigate the mechanical impact of the indentations in the woody support structure on 
the top and bottom side of the junction between branch and stem (Fig. 10 H) representative three-di-
mensional finite element models of the ramification were generated using the pre-processing soft-
ware Patran 2009 (MSC Software Corp.). Due to missing values for the material properties of the 
cactus wood in tangential and radial stem directions and based on the fact that the YOUNG's modulus 
of dicot wood in longitudinal direction exceeds the other elastic constants by far [29] the orthotropic 
material behavior was regarded simply as transversely isotropic with values typical for a technical 
fiber composite material (Table 4).
The Finite Element Analyses simulating the ramifications under gravitational acceleration was per-
formed with Abaqus 6.4 (Dassault Systèmes S.A.). The results of models taking into account only the 
indentation on one side of branch socket (Fig. 11 J,H) were checked against a reference model with-
out indentations (Fig. 11 K). 
The reference model exhibits a stress distribution typical for a cantilever beam under transverse 
loading (Fig. 11 K). The stress maxima occur at the junction between branch and stem with tension 
(red) on the top side of the branch base (Fig. 11 H) and compression (blue) on its bottom side (Fig.
11 N). But in consequence of the circular cross section, the highly stressed areas are not limited to re-
gions far off the neutral plane. In contrast they clasp the branch base from above and below almost  
entirely. Furthermore this collar of tensile and compressive stresses even spreads out in branch direc-
tion laterally to the median plane of the structure. As expected, the stress trajectories run in directions 
that ensure the load dissipation towards the stem base. 
EL / MPa ET / EL ER / EL GLR / EL GLT / EL GRT / EL
5,000 0.2 0.2 0.12 0.12 0.08
µLR / – µLT / – µRT / – µTR / – µRL / – µTL / –
0.3 0.3 0.25 0.25 0.06 0.06
Table 4: Transversely isotropic material parameters for the Finite Element Analyses
Assumptions for the  YOUNG's moduli  Ei, the  shear moduli  Gij and the  POISSON's ratios  µij of cactus 
wood in longitudinal (L), tangential (T) and radial (R) stem direction
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Comparing the results of a model that incorporates the shape of the cactus ramification on the bot-
tom side of the branch base (Fig. 11 J) with the reference model, the first remarkable detail is, that 
the stress distribution on the top side remains very similar – only with slightly lower tensile stress 
maxima (compare Fig. 11 G with H). By contrast, the compressive stress distribution on the bottom 
side deviates considerably from the reference model. The smooth contour leads to much lower com-
pressive stress maxima, which are located laterally on the rim of the indentation. Its central region is  
almost free from mechanical stress. Contemplating the major stress trajectories gives the impression 
that the compressive stress bypasses the indentation (compare Fig. 11 M with N). 
Comparable effects result from an indentation on the top side of the branch base (Fig. 11 L). The 
stress distribution on the non-modified side remains the same compared to the reference model (com-
pare Fig. 11 O with N) and the central region of the indentation on the opposite side is free from me-
chanical stress. Again the stress maxima concentrate on the rims of the indentation and the major 
stress trajectories diverge laterally. The main difference to the indentation on the bottom side is, that 
the tensile stresses on the top side are not minimized by a smooth contour. In fact, due to the sharp  
edge, the magnitude is much higher than in the reference model (compare Fig. 11 I with H). In living 
cacti these weak points are reinforced by a higher level of cross-linkage between the fiber lamellae 
(Fig. 11 I with Fig. 10 I)
These  findings  allow the  conclusion  that  the indentations  in  the  woody support  structure of  the 
branch base are no predetermined breaking points. On the contrary they help to modify the stress dis-
tribution in a way that stress maxima occur only in regions where the major stress trajectories meet 
the preordained fiber orientations. 
4.3 Abstraction – Detachment from the biological model
For a biomimetic transfer of the described load adaptation strategies onto a nodal element of a tubu-
lar framework the focus is laid on the stability and resistance to failure. Non-essential aspects for this 
function (i.e. all other vital functions) are neglected. Even the compact socket at the branch base re-
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mains unconsidered in favor of a thin-walled hollow structure which is typical for lightweight engi-
neering with fiber composite material.
The comparison of a design proposal that exhibits indentations analogue to the cactus ramifica-
tions with a model that has been optimized according to  MATTHECK's design recommendations al-
lows to evaluate the assets and drawbacks of such a cactus inspired design [15,16,17]. 
Aim of these shape optimization rules is to avoid critical notch stress concentrations that would 
lead to early component failure. Such a homogeneous stress distribution can be realized by enlarged 
outer dimensions and smooth contours at the transition from branch to stem. 
On the top side of the branch base, the presented MATTHECK-Model (Fig. 12 A) exhibits no signi-
ficant tensile stress concentrations that would lead to early component failure due to local over-strain. 
But the tensile stress trajectories (red arrows in Fig. 12 C) diverge in lateral direction downwards and 
the fillet smoothes the contour in longitudinal direction upwards (black arrows in Fig. 12 C), which 
means that the course of the tensile stress does not match the shape of the junction.
On the bottom side, the compressive stress is dissipated from the branch via the branch base to the 
stem on two lateral load pathes which are mirror symmetric to the median plane of the junction. 
The risk of local buckling at the insertion into the stem due to compressive stress maxima (black 
arrow in Fig. 12 E) could be reduced by further enlargement of the outer dimensions, but the trans-
verse compression across the grain in the central region (red arrows within the black contour in Fig.
12 E), and the involved risk of crinkling, will remain.
In other  words,  MATTHECK's  design recommendations help to  optimize the outer  geometry to 
avoid critical notch stress, which is adequate for components made of an isotropic material, but it 
does take the inner structure and the preordained fiber course into account, which is essential for the 
design of fiber composite components. Thus the region on the top side is oversized and the bottom 
side is not only undersized, the shape modification involves additional buckling risks. 
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Fig. 12: Variant comparison of biomimetically optimized structures
Models (A,C,E) optimized according to MATTHECK's design recommendations and (B,D,F) inspired by 
the cactus anatomy.Tensile stress is displayed in red, compressive stress in blue. Red arrows indicate 
the direction of the major stress trajectories. Black arrows indicate (C) the cotour smoothing direction;  
(D,F) the fiber course; (E) the position of the stress maxima. 
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The cactus-inspired model features a very different stress distribution (Fig. 12 B), on the top side, 
the tension maxima are higher than in the MATTHECK-Model, but the central indentation separates the 
tension maxima and relocates them further off the median plane to lateral regions where the stress di-
rections (red arrows in Fig. 12 D) match the preordained fiber orientation from the stem to the branch 
(black arrows in Fig. 12 D). 
The indentation on the bottom side has a similar effect. The compression maxima are relocated 
laterally and the central region is free from mechanical stress. The major compressive stress trajecto-
ries in the lateral beads (red arrows in Fig. 12 F) are aligned along the fibers running from the stem to 
the branch (black arrows in Fig. 12 F). The risk of buckling under compressive stress is substantially 
reduced in comparison to a non-indented transition.
4.4 Technical implementation?
These results allow the conclusion, that the cactus-inspired junction design, even without the com-
pact socket at the branch base, is a fully adequate alternative to well-established engineering solu-
tions as well as to MATTHECK's biomimetic shape optimization. The stress distribution modifying ef-
fect of the indentations allows to adjust the stress directions to preordained fiber orientations, espe-
cially under very restricted space conditions and enlarge the design scope for the engineer. 
Next steps towards a technical implementation of the described design proposal would be the devel-
opment of an appropriate manufacturing technique for semi-automatic production. There are already 
promising approaches to produce a branched fiber preform for later infiltration with polymer resin,  
e.g. resin transfer molding, in a customized round-braiding process [61]. 
After experimental validation with representative specimens, the described load adaptation strategy is 
ready for transfer onto a specific structural element, e.g. the nodal elements of a fiber composite bi-
cycle frame. The manufacturing and testing of a prototype serve to evaluate the capability of the load 
adaptation strategy and the modified production process. 
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5 Conclusions & Outlook
On the botanical side it has been demonstrated that load adaptation in ramifications of columnar cacti 
takes place on different hierarchical levels by fine-tuning the fiber orientations in the cactus wood ac-
cording to the stresses and the stress directions. On a macroscopic scale (= organ level) the shape of 
the branch socket modifies the predominant stresses in a way that the re-orientated tensile stress tra-
jectories better match already existing fiber orientations running from the stem into the branch. On 
tissue level there is a higher number of interconnections between the wood lamellae in the branching 
region. The alignment of these interconnections reflects the orientation of the stress trajectories be-
tween branch and stem. It is also likely that load adaptation of the different tissues takes place on cel-
lular or cell wall level, but up to now this has not been analyzed. In addition, in columnar cacti the 
formation of tension wood in regions of high tensile stresses, typical for angiosperm trees, remains 
unclear.
These open points are linked to the question how the secondary growth of the cactus wood in the 
branching region takes place in detail. The fact that development of the two type of ramification, start  
from a common initial state (the leaf and bud traces) suggests that the further development is geneti -
cally determined. In this context, further research should focus on plant physiological and epigenetic 
aspects of the development. Neither the stimulus that triggers the differentiation of the dormant shoot 
apical meristem of the axillary bud into a flower or a branch nor the hormonal control of the sec-
ondary growth is understood.
Future work on the engineering side should be the technical implementation of structural elements 
inspired by the anatomy of cactus ramifications. This involves the development of a suitable (semi-) 
automatic production processes as well as the vigorous testing of the produced prototypes. For the 
design process a software tool for virtual topology optimization according to the found load adapta-
tion principles would be very helpful. 
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6.2 Picture credits
Fig. 1 Cactus morphology, stem and wood anatomy 
A – L: [2] Figure 1 (a) – (l). 
Fig. 2 Morphology and macroscopic anatomy of cactus ramifications 
A – F: [2] Figure 2 (a) – (f). G: own work H – L: [2] Figure 2 (h) – (l)
Fig. 3 Mechanical behavior of cactus tissues 
A & B: [2] Figure 3 (a) & (b). 
Fig. 4 Finite Element Analyses of cactus ramification models 
A – L: [2] Figure 4 (a) – (l). 
Fig. 5 Morphology and anatomy of vegetative and floral side shoots (Hylocereus undatus) 
A – I: [4] Fig. 1 A – I. 
Fig. 6 Leaf and bud trace development of vegetative and floral side shoots (Hylocereus undatus) 
A – X: [4] Fig. 2 A – X. 
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Fig. 7  Workflow for the biomimetical product development 
Created according to the corporate design rules of the Plant Biomechanic Group Freibrug. 
With kind permission of Prof. Dr. Thomas Speck. 
Fig. 8 Evolutionary algorithm for biomietic knowledge transfer 
Created according to [59]. 
Fig. 9 Tree vs. cactus ramification morphology 
A: own work. B: [3] Abb. 1. C: [3] Abb. 3 a. 
Fig. 10 Anatomic characteristics of cactus ramifications 
A: [3] Abb. 2. B: [2] Figure 1 (d). C: own work. D: [3] Abb. 3 b.
E & F: own work. G: [1]: Fig. 2 D. H: [3] Abb. 3 c. I – M: own work. 
Fig. 11 Parameter study on biomechanical load adaptations 
A – F: own work. G – O: [3] Abb. 6 a – i. 
Fig. 12 Variant comparison of biomimetically optimized structures 
A: [3] Abb. 7 b. B: [3] Abb. 7 a. C: [3] Abb. 8 d. D: [3] Abb. 8 c.
E: [3] Abb. 8 f. F: [3] Abb. 8 e.
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7 Appendices
7.1 Chapter 3
The test data and the corresponding evaluation in the form of OpenDocument spreadsheet (ODS) 
files, the digital micrographs (JPG) of the cactus wood as well as the Abaqus FEA input (INP) and  
output database (ODB) files are stored on the appended optical storage medium.
7.2 Chapter 4
Digital images (JPG, TIF, CR2 etc.) of all investigated samples are stored on the appended optical  
storage medium.
7.3 Chapter 5
The test data and the corresponding evaluation in the form of OpenDocument spreadsheet (ODS) 
files as well as the Abaqus FEA input (INP) and output database (ODB) files are stored on the ap -
pended optical storage medium.
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